Tumor cells often encounter hypoglycemic microenvironment due to rapid cell expansion. It remains elusive how tumors reprogram the genome to survive the metabolic stress. The tumor suppressor TIP60 functions as the catalytic subunit of the human NuA4 histone acetyltransferase (HAT) multi-subunit complex and is involved in many different cellular processes including DNA damage response, cell growth and apoptosis. Attenuation of TIP60 expression has been detected in various tumor types. The function of TIP60 in tumor development has not been fully understood. Here we found that suppressing TIP60 inhibited p53 K120 acetylation and thus rescued apoptosis induced by glucose deprivation in hepatocellular cancer cells. Excitingly, Lys-104 (K104), a previously identified lysine acetylation site of TIP60 with unknown function, was observed to be indispensable for inducing p53-mediated apoptosis under low glucose condition. Mutation of Lys-104 to Arg (K104R) impeded the binding of TIP60 to human NuA4 complex, suppressed the acetyltransferase activity of TIP60, and inhibited the expression of pro-apoptotic genes including NOXA and PUMA upon glucose starvation. These findings demonstrate the critical regulation of TIP60/p53 pathway in apoptosis upon metabolic stress and provide a novel insight into the down-regulation of TIP60 in tumor cells.
Introduction
Tumor cells usually show higher demand for glucose and other nutrients than normal cells in order to sustain high proliferation rates [1] . Due to the spatial and temporal heterogeneity of nutrients in the microenvironment of solid tumors, tumor cells undergo metabolic stress which might cause proliferation arrest and apoptosis. Therefore, preventing apoptosis induced by metabolic stress has been found to be essential for the survival and malignant progression of tumors [1] [2] [3] . Despite of extensive studies, it has not been fully understood how tumor cells adapt to the low-glucose environment.
As a major regulator in the process of metabolic stress, the tumor suppressor p53 plays a critical role in determining cell fate. Various post translational modifications (PTMs) have been identified on p53, which are indispensable for its function [4] [5] [6] [7] . For example, acetylation at K120 is critical for the function of p53 in inducing apoptosis [8] . It has been shown that extended glucose starvation leads to elevated ROS (reactive oxygen species) and increased p53 acetylation at K120, which is required for the activation of p53 downstream apoptotic signaling in HepG2 cells [9] . Several acetyltransferases have been found to be able to acetylate p53 (PCAF, CBP/p300 and etc.) [10] . Among them, TIP60 (KAT5) is reported to acetylate p53 at K120, which promotes the expression of the pro-apoptotic p53 target gene PUMA and thus induces apoptosis upon DNA damage in human colon cancer cells [10] . Nevertheless, it remains elusive whether TIP60 activates p53 apoptotic signaling under metabolic stress in hepatocellular cells.
Attenuation of TIP60 expression has been observed in various human cancers and is a potential marker of tumor malignancy [11] [12] [13] [14] [15] [16] [17] .
TIP60 carries out its biological functions both as a transcription factor and as an acetyltransferase [18] . On one hand, it can be recruited to the promoter of the pro-apoptotic gene PUMA and servers as a transcription coactivator upon DNA damage [10] . On the other hand, TIP60 functions as the catalytic subunit of the human NuA4 histone acetyltransferase (HAT) complex and participates in a wide range of biological processes including DNA damage response, cell cycle arrest and apoptosis [8, 10, [19] [20] [21] [22] [23] [24] . The acetyltransferase activity of TIP60 is regulated by various PTMs, such as Y44-, S86-, T158-phosphorylation and K327-acetylation [23] [24] [25] [26] [27] [28] [29] [30] . Among all the PTMs mentioned above, S86-phosphorylation is most well-studied due to its central role in regulating TIP60-induced autophagy and apoptosis under various stress conditions [24, 26] . Interestingly, the level of S86-phosphorylation of TIP60 does not change under metabolic stress induced by glucose starvation, despite of the increased acetylation of p53 at K120 [9, 26] . This suggests that the activation of TIP60 might be regulated differently during the stress of glucose starvation. Of note, there are still a series of PTMs on TIP60 with unknown functions including K104, a newly identified acetylation site from a mass spectrometry study [28] .
Here we report that the K104 acetylation of TIP60 plays an essential role in inducing apoptosis upon glucose starvation. Under low glucose condition, TIP60 is recruited to the human NuA4 complex which increased the acetyltransferase activity of TIP60. TIP60 activation leads to stimulated p53 pathway, enhanced TIP60 recruitment to PUMA promoter and elevated expression of the pro-apoptotic gene PUMA. K104R mutation markedly interferes with the above processes and results in decreased apoptosis upon glucose starvation. Our results reveal that TIP60 mediates p53 apoptotic signaling under glucose starvation and that the K104 acetylation of TIP60 is required in the process, which suggests a possible mechanism how tumor cells adapt to the hypoglycemic microenvironment.
Materials and methods

Cell culture and siRNA knockdown
HepG2 cells were grown in DMEM (Gibco) containing 10% FBS (Sigma). For glucose starvation assays, the cells were cultured in glucose-free DMEM (Sigma) supplemented with 10% FBS and 5 mM glucose (Sigma). To knockdown TIP60 by siRNA, siRNA duplexes against TIP60 (Sigma, predesigned siRNA pools) were transfected into HepG2 cells by RNAiMAX reagent (Invitrogen) following manufacturer's instructions.
Plasmids
For Myc-TIP60, TIP60 cDNA was amplified by PCR and inserted into pCMV-Myc vector. K104R-mutation and HAT-dead mutant (HATm) of TIP60 were generated by overlapping PCR. To stably express wildtype and mutant HA-TIP60, corresponding cDNAs were first cloned into pENTR-EF1A vector and transferred into pHAGE-EF-Puro-Dest vector by LR recombination. For conditionally knockdown endogenous TIP60 by shRNA, a lentiviral shRNA-conditional-knockdown vector targeting the 3'UTR region of TIP60 was generated. Specifically, the shRNA sequence (ATCAGACCAACTCCAAGGTC) was cloned into pInducer10 vector. For conditional expressing HA-TIP60s by pInducer20 vector, wildtype and mutant TIP60 cDNAs were first cloned into pEntry vector and transferred into pInducer20 vector by LR recombination. For the construction of CRISPR plasmids, the CAS9 expression vector and LKO.1 guiding RNA vector are obtained from Dr. Jianping Jin's lab at University of Texas Health Science Center, Houston. To generate the LKO.1-sgTRRAP plasmid, the sgRNA oligo was designed on the website http://www.genome-engineering.org/CRISPR, synthesized and inserted into LKO.1 vector through recombination using Gibson recombinase (NEB, E5510). For Myc-HDM2, HDM2 cDNA was cloned into pCMV-Myc vector.
Virus package, infection and stable cell line generation
Virus packaging and infection was conducted as previously described [31] . In short, shRNA or TIP60-expressing vectors were cotransfected with virus packaging plasmids into 293T cells to generate the lentivirus. HepG2 cells were infected with respective lentivirus and selected according to the lentiviral vector information. Stable cell lines were generated and subjected to further analyses.
To generate the HepG2.PI10 cell line with the pInducer10 cassette for conditionally knockdown endogenous TIP60 after doxycycline (Dox) addition, HepG2 cells were infected with the lentivirus expressing the conditional-knockdown shRNA vector targeting the 3'UTR of TIP60, selected with puromycin and 0.02 μg/mL doxycycline were applied to cells in order to attenuate TIP60 expression in the experiments.
To generate the HepG2.PI10/20 cell line with both pInducer10 and pInducer20 cassettes for 1) conditionally knockdown endogenous TIP60 and 2) simultaneously overexpress HA-tagged wildtype (WT), K104R or HATm TIP60 in the presence of doxycycline, HepG2.PI10 cells were infected with the lentivirus conditionally overexpressing wildtype or mutant TIP60s and selected with G418. 0.02 μg/mL doxycycline were added to the cell culture medium to knockdown endogenous TIP60 and induce the expression of respective TIP60 proteins in subsequent analyses.
Co-IP
For Co-IP analysis, cells were lysed in NETN buffer with proteaseinhibitor cocktail (Roche). Mouse anti-HA antibody (Milipore) was incubated with cell lysates for 3 h at 4 ℃. Protein G agarose beads (GE Healthcare) were applied to precipitate the immune complexes. Resulting precipitants were washed four times with NETN buffer and boiled in 2×SDS loading buffer in preparation for Western blot analysis.
Western blot and antibodies
For Western blot analysis, cells were lysed in RIPA buffer containing protease-inhibitor mixture (Roche) and the Bradford method (Bio-rad) was applied to measure protein concentration. Cell lyses were boiled in 2×SDS loading buffer for 5 min and prepared for gel running. Antibodies used in Western blots were, anti-p53, anti-TUBULIN, antiMyc, anti-GAPDH (Santa Cruz); anti-K120Ac-p53, anti-TIP60 (Abcam); anti-HA (Milipore); anti-cleaved-PARP, anti-TRRAP, anti-p400, anti-DMAP1 and anti-RUVBL1 (Cell Signaling) antibodies.
RNA extraction and quantitative RT-PCR analysis
Extraction of total RNA was performed with Trizol (Invitrogen) following manufacturer's instructions. A total of 2 μg RNA was used for first strand cDNA synthesis with M-MLV reverse transcriptase (Promega). Primers for qRT-PCR were generated as previously described [24] .
In vitro HAT activity assay
The in vitro HAT activity assay was performed as previously described [32] . Briefly, TIP60 immunoprecipitates (prepared as above described) were washed twice in HAT assay buffer (50 mM Tris at pH 8.0, 0.1 mM EDTA, 1 mM DTT and 10% glycerol), and incubated in 100 μl HAT assay buffer containing 100 μM acetyl-CoA and 1 μg biotinylated histone H4 peptide for 30 min at 30 ℃. Reaction aliquots were immobilized onto 96-well plates coated with streptavidin, and H4-peptide acetylation was examined by HAT ELISA according to the manufacturer's instructions (Upstate Biotechnology). HAT activity was determined by the change in absorbance at 450 nm relative to the reference wavelength at 540 nm.
ChIP assay
The ChIP assay was conducted as earlier described on the "The Epigenome" website (http://www.epigenome-noe.net/researchtools/ protocol.php_protid=10.html) with a little modification that the chromatin was fragmented by micrococcal nuclease (NEB M0247S).
Statistical analysis
Statistical analysis was performed by Student's-t-test. Data were presented as mean ± standard deviation (SD). p < 0.05 was considered as statistically significant.
Results
TIP60 is required for apoptosis induced by glucose starvation
Glucose starvation induces metabolic stress and leads to elevated ROS, increased p53 acetylation at K120 and apoptosis in HepG2 cells [9] . However, it remains elusive how p53 is activated during the process. Since TIP60 is the known acetyltransferase of p53 that regulates its function in apoptosis in human colon cancer cells upon DNA damage [10] , we investigated whether TIP60 played any role under metabolic stress. To that end, we depleted TIP60 in HepG2 cells by siRNA (Fig. 1A) and subjected the cells to low-glucose (5 mM) condition. As shown by growth curve analysis, repressing TIP60 expression significantly rescued cell growth after glucose starvation (Fig. 1B) . Consistent with this observation, qRT-PCR analyses demonstrated that knockdown of TIP60 markedly suppressed mRNA expression of the proapoptotic gene PUMA (Fig. 1C) . Further, we analyzed cleaved-PARP (poly ADP-ribose polymerase) as an indicator of apoptosis. After been kept in low glucose medium for 48 h, TIP60 knockdown cells showed reduced apoptosis in comparison with control cells (Fig. 1D) , suggesting that TIP60 knockdown attenuated p53-mediated apoptotic signaling upon glucose deprivation. Above conclusion was further supported by cell cycle analysis using flow cytometry. Significantly decreased ratio of sub-G1 was detected in TIP60 knockdown cells comparing to control cells after 48 h of glucose starvation (Fig. 1E and F) . Moreover, we generated a TIP60-stable knockdown cell line by lentiviral expression of an shRNA targeting 3'UTR of TIP60 (HepG2. PI10 cells), in which endogenous TIP60 can be conditionally knocked down in the presence of doxycycline (Fig. 1G) . Similarly, decreased apoptosis was found in the TIP60-knockdown cells (Fig. 1H) . Together, these results demonstrate that TIP60 plays an essential role in glucose-starvation-induced apoptosis.
Human NuA4 complex regulates the acetyltransferase activity of TIP60 and apoptosis induced by glucose starvation
As reported before, TIP60 is the catalytic subunit of human NuA4 complex [33, 34] . Earlier studies have demonstrated that the components of NuA4 complex, such as TRRAP (transformation/transcription domain associated protein), p400 (E1A binding protein p400), RUVBL1 (RuvB like AAA ATPase 1) and DMAP1 (DNA methyltransferase 1-associated protein 1) participate in DNA damage response via modulating the function of TIP60, the acetyltransferase activity of which is shown to be indispensable for DNA repair and apoptosis [19, 22, [35] [36] [37] . To better understand how TIP60 regulates apoptosis induced by glucose deprivation, we first examined whether the acetyltransferase activity of TIP60 is affected by other components of the human NuA4 complex under metabolic stress. The HepG2 cell line was first infected with lentivirus to ectopically express HA-TIP60 and then TRRAP was depleted by CRISPR/Cas9-mediated gene editing in the cells. The acetyltransferase activity of HA-TIP60 isolated from these cells was evaluated. As expected, depletion of TRRAP substantially decreased TIP60 HAT activity under both normal and low-glucose conditions ( Fig. 2A) . We further investigated whether human NuA4 complex proteins are required for glucose starvation-induced apoptosis. Indeed, silencing TRRAP, p400 and RUVBL1 by siRNA all suppressed apoptosis (Fig. 2B-D) . CRISPR-mediated depletion of TRRAP showed similar results (Fig. 2E) . Taken together, these data demonstrate that the acetyltransferase activity of TIP60 resides in human NuA4 complex and it is the human NuA4 complex that regulates apoptosis under glucose-starvation-induced metabolic stress.
The acetylation of TIP60 at K104 is critical for its apoptosis-inducing function
It is known that posttranslational modifications such as acetylation mediate protein function [38] . The activity of TIP60 is regulated by autoacetylation and SIRT1-directed deacetylation [29] . A number of lysine residues in TIP60 have been found to be acetylated. In particular, acetylation at K327 which is located around the catalytic site contributes to the acetyltransferase activity of TIP60 [28] . The functions of acetylation at other lysine residues are unclear. To begin elucidating the function of other acetylation sites, we focused on lysine 104 (K104) [28] first by mutating lysine 104 to arginine (K104R) which cannot be acetylated but retains the positive charge of lysine. We created K104R TIP60 as well as HAT-deleted TIP60 (HATm) which served as a positive control. The TIP60 mutants were expressed in HepG2 cells in which the endogenous TIP60 could be depleted inducibly (Fig. 3A) . When these cells were treated with glucose starvation, apoptosis (cleaved PARP) as well as K120-acetylation of p53 was markedly attenuated in K104R and HATm TIP60-expressing cells comparing to wildtype TIP60-expressing cells (Fig. 3B and C) . qRT-PCR analysis of the expression of two proapoptotic target genes of p53 (NOXA and PUMA) [9, 10] indicated similarly that K104R TIP60 was defective in activating apoptosis ( Fig. 3D  and E) . These results suggest that K104 acetylation of TIP60 is critical for its function in stress-induced p53 activation and apoptosis.
K104R mutation abolishes TIP60 interaction with human NuA4 complex components and its acetyltransferase activity
Next we examined whether the interaction of TIP60 with other components of human NuA4 complex is affected by K104 acetylation. HA-TIP60 was immunoprecipitated from the cells (Fig. 4A) . The interactions of wildtype TIP60 with TRRAP, RUVBL1 and DMAP1 were all increased respectively upon glucose starvation as shown by western blot (Fig. 4A) , indicating the induction of NuA4 complex formation by stress. However, K104R as well as the HATm TIP60 failed to do so. Interestingly, unlike HATm, K104R TIP60 interacted normally with SIRT1 (Fig. 4A) , which functions as the TIP60 deacetylase [39] . The failure to form human NuA4 complex by K104R TIP60 suggests that the mutant would have attenuated acetyltransferase activity. However, 
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unlike HAT-mutant of TIP60, which completely lost the acetyltransferase activity, K104R mutant maintained basal level of HAT activity as the wildtype but the acetyltransferase activity failed to increase in response to hypoglycemic stress (Fig. 4B) . These results suggest that the acetylation at K104 is required for the recruitment of TIP60 to human NuA4 complex proteins and the induction of TIP60 acetyltransferase activity upon metabolic stress.
K104 acetylation is required for the recruitment of TIP60 to PUMA promoter
Upon DNA damage, TIP60 is recruited to PUMA promoter by p53 and functions as a transcription coactivator to induce PUMA expression [10] . To further understand the regulatory role of K104 acetylation on stress-induced apoptosis, we investigated whether the recruitment of TIP60 to PUMA promoter region depends on this modification. Through chromatin immunoprecipitation analysis, we detected a 3-fold increase of TIP60 occupying the PUMA promoter region upon glucose starvation, whereas such increase was abolished by the K104R or HAT mutation of TIP60 (Fig. 5) , which is consistent with the expression of PUMA at mRNA levels (Fig. 3E ).
K104R TIP60 binds normally to HDM2 for proteasome-mediateddegradation
Acetylation at internal lysine residues is a common type of posttranslational modification on proteins and causes multiple changes in protein features, including protein stability [40] . To better understand the regulation of TIP60 function by K104 acetylation, we examined whether the stability of TIP60 was changed by K104R mutation. As reported before, TIP60 is degraded by the ubiquitin-proteasome pathway [40] . To determine whether degradation of K104R-TIP60 was regulated by the proteasome pathway, we treated HepG2 cells which stably expressed wildtype and K104R-TIP60 with cycloheximide (CHX) in the presence and absence of the proteasome inhibitor MG132. Based on Western blot results, treatment of MG132 stabilized both wildtype and mutant TIP60s after CHX treatment (Fig. 6A) . Degradation of a protein in the ubiquitin-proteasome pathway is regulated by the E3 ligase of the protein and HDM2 was reported to be the E3 ligase of TIP60 [9] . The interaction between TIP60 and HDM2 was examined to determine whether K104R mutation interferes with the binding of TIP60 to its E3 ligase. Myc-HDM2 was transiently transfected into HepG2 cells stably expressing wildtype or mutant TIP60s. Cells were collected 48 h after transfection and prepared for Co-IP analysis. K104R mutation did not show changed strength of interaction to HDM2 compared to wildtype TIP60 (Fig. 6B) . These together suggest that K104 acetylation status does not affect the binding of TIP60 to HDM2 for proteasome-mediated degradation. Further, HepG2 cells which stably expressed wildtype or K104R-TIP60 were treated with CHX and collected at different time points for Western blot analysis. No significant difference in stability was observed between wildtype and K104R-TIP60 (Fig. 6C) . Together, these results demonstrate that K104-acetylation of TIP60 does not change the stability of TIP60 protein.
Discussion
Being the catalytic subunit of human NuA4 complex, TIP60 is downregulated in various human cancers and the down-regulation predicts poor clinic outcomes [11] [12] [13] [14] [15] [16] [17] . TIP60 functions as a tumor suppressor and is activated in response to genotoxic stress to acetylate ATM (ataxia telangiectasia mutated) kinase and thus promote DNA repair [32] . Aberrant TIP60 signaling in DDR (DNA damage response) might drive tumor formation, especially when p53 is synergistically mutated [17, 32] . In this study we demonstrated that repressing TIP60 expression improved the survival of tumor cells under metabolic stress induced by glucose starvation. Given the heterogeneity of the microenvironment in glucose and other nutrients supply for solid tumors [1] , our observations suggest that repressed TIP60 expression in cells favors tumorigenesis due to not only attenuated DDR, but also enhanced adaptability to metabolic stress. In support of this notion, deficient expression of other NuA4 complex proteins has been reported in multiple human tumors [41] [42] [43] .
As been reported before, TIP60 modulates the choice between apoptosis and cell cycle arrest by regulating p53 acetylation at K120 upon stress [10] . Short-term treatment of low glucose ( < 36 h) leads to p53-dependent p21 induction and cell cycle arrest, while prolonged glucose starvation results in p53 K120-acetylation and apoptosis in HepG2 cells [9] . In this study, we found that TIP60 regulates p53 K120-acetylation and thus apoptosis at extended periods of glucose starvation. Although p21 is not significantly induced after long-term of glucose deprivation [9] , it would be interesting to know whether TIP60 regulates p21 expression and cell cycle progression at early time of low glucose treatment ( < 36 h). Of note, although depleting TIP60 expression repressed apoptosis after glucose starvation (Fig. 1C-F) , the growth potential is not markedly rescued in the starved cells. Two possible explanations for this are 1) the knockdown efficiency of TIP60 Fig. 4 . K104R mutation attenuates TIP60 interaction with TIP60 HAT complex and its acetyltransferase activity upon glucose starvation. (A) HepG2.PI10/20 cells were treated with Dox, glucose starved for 48 h and collected for Co-IP analysis. HA-TIP60 was pulled down by anti-HA antibody and human NuA4 complex components in the immune complex were detected by Western blot with indicated antibodies. (B) HepG2.PI10/20 cells were treated with Dox at 0.02 μg/mL and collected as described in A. HA-TIP60s in the cell lysis were immunoprecipitated with anti-HA antibody and in vitro HAT assay was performed to evaluate the HAT activity of wildtype and mutant TIP60s. **, p < 0.01. Fig. 5 . TIP60 K104 acetylation modulates its recruitment to PUMA promoter. HepG2. PI10/20 cells were treated as described in Fig. 3B . ChIP analysis was performed to examine the binding of wildtype or mutant TIP60 to PUMA promoter region by pulling down HA-TIP60s with anti-HA antibody. *, p < 0.05; **, p < 0.01.
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by RNAi is limited and 2) rather than restore the growth potential, TIP60 knockdown might only delay the cell death caused by glucose deprivation, since glucose supply is indispensable for cell growth. Further studies on TIP60 knockout mice and other cell lines will help improve the understanding of TIP60-mediated cell survival under stress. Previous studies have shown that acetylation of p53 at K120 is essential for inducing apoptosis after glucose starvation [9] . However, the acetyltransferase responsible for the K120 acetylation of p53 and its regulation under low glucose condition remain elusive. In this study, we report that TIP60 functions to mediate the acetylation of p53 at K120 and thus to initiate the downstream apoptotic signaling upon glucose starvation, and that the K104 acetylation of TIP60 is indispensable in this process (Fig. 7) . Abolishing the acetylation with K104R mutation resulted in the attenuation of apoptosis induced by glucose deprivation to a similar degree as the HAT mutant. However, unlike the HAT mutant, K104R TIP60 possessed comparable basal acetyltransferase activity with wildtype TIP60 (Fig. 4B) . The mutant just failed to up-regulate its acetyltransferase activity as the wildtype protein does in response to glucose starvation. Since the mutant fails to be incorporated into the human NuA4 complex, which is also critical in stress-induced apoptosis, it is very likely that under stress conditions, TIP60 (acetylated, at least at K104) forms human NuA4 complex and it is the NuA4 complex that possesses higher acetyltransferase activity than TIP60 alone, acetylates p53, and induces apoptosis. It is unclear at the moment how stress induces human NuA4 complex formation.
As K104 acetylation is constitutive [28] , acetylation at this site is unlikely the regulatory mechanism responsible for human NuA4 complex formation. Since TIP60 is activated under various stresses to regulate p53 activity [18, 19] , it is possible that metabolic stress induces a previously undefined PTM of TIP60 and promotes the formation of NuA4 complex to cause p53-dependent apoptosis (Fig. 7) . A mass spectrometry study comparing the PTM sites of TIP60 under normal and low glucose condition will be performed to gain a better knowledge of the above process. Moreover, TRRAP, one key component of the NuA4 complex was detected to regulate TIP60 acetyltransferase activity as well as its recruitment to PUMA promoter ( Fig. 2A and S1 ). Given the fact that TRRAP also serves as a common subunit of three mammalian equivalents of yeast SAGA complex (STAGA, PCAF and TFTC) [34, 44] , TIP60-induced apoptotic signaling is at least indirectly modulated by the three coactivator complexes. Further investigations are needed to fully dissect the regulation of TIP60 pathway upon metabolic stress. Fig. 7 . A model for the regulation of TIP60 under metabolic stress. K104-acetylation is a constitutive PTM of TIP60, which is a prerequisite for TIP60 to fully carry out its apoptosis-inducing function. Metabolic stress leads to the activation of TIP60 (possibly by a novel PTM which has not been identified yet) and the activated TIP60 is recruited to NuA4 complex proteins, which increases the acetyltransferase activity of TIP60 and initiates downstream p53 apoptotic signaling.
